Sex differences in growth hormone (GH) secretion in the rat are thought to be determined, to a large extent, by gonadal steroid-dependent sex differences in somatostatin (SRIH) secretion from neurones in the periventricular nucleus (PeN) which project to the median eminence (ME). The present study aimed to obtain direct evidence for sex differences and gonadal regulation of SRIH release within this pathway and to determine the relationships between SRIH mRNA expression, SRIH peptide content and SRIH secretion in the adult rat. Somatostatin mRNA expression in the PeN and peptide content in both PeN and ME were higher in males than females (P<0.05). However, both basal and 56 mm K+-stimulated SRIH release in vitro from hypothalamic explants incorporating the PeN-ME pathway were higher (P<0.01) in females. The gonadectomy of female rats resulted in significantly reduced basal levels of SRIH release equivalent to that of males but had no effect on SRIH mRNA/peptide content or K+-stimulated release. In contrast, gonadectomy of male rats reduced SRIH mRNA and peptide contents and elevated K+-stimulated secretion (P<0.01) to levels similar to that seen in intact females, without affecting basal release. In summary, these results demonstrate that in the PeN-ME of the adult rat: (1) SRIH mRNA and peptide content is well correlated and sexually dimorphic but dependent on gonadal factors in the male only; (2) SRIH secretion is sexually dimorphic and dependent on gonadal factors; but (3) differences in mRNA/ peptide content do not reflect secretory capacity; and (4) gonadal factors differentially modulate SRIH secretory dynamics in males and females.
Somatostatin (SRIH ) mRNA expression in the hypothalamic neurones in the arcuate nucleus, determines peak height (11) (12) (13) . Sex differences in the time-dependency of the GH periventricular nucleus (PeN ) is sexually dimorphic with greater levels found in male rats relative to the female (1-3).
response to exogenous GHRH supports the view that in the male SRIH release is maximal at the GH troughs and minimal This population of SRIH-producing neurones is critical in generating the sexually dimorphic, pulsatile pattern of growth at the GH peaks, whereas in the female SRIH release is thought to be more continuous at a level somewhere between hormone (GH ) secretion which, in turn, determines sex differences in body growth (4-7). In the male rat, GH is the maximum and minimum levels suggested for the male (7, 14) . Thus it is assumed that the elevated levels of SRIH secreted in high amplitude peaks occurring every 3-4 h with low, sometimes undetectable, levels during the interpulse mRNA expression in the PeN of males relates to greater biosynthetic and secretory activity in SRIH neurones, and periods whereas in the female, GH pulses are more rapid and irregular with elevated troughs and reduced peak height that this results in the lower interpulse GH levels observed in males (15) . (8) (9) (10) . Immunoneutralization studies suggest that SRIH, which inhibits GH release, determines baseline GH levels Sex differences in PeN mRNA expression are influenced to a large extent by gonadal factors (1, 2). Thus the high levels whilst GH-releasing hormone (GHRH ), originating from of SRIH mRNA expression in the PeN of male rats is maintained by mechanisms involving the androgen receptor (2, 3, 16) , which is expressed in a sexually dimorphic manner by SRIH neurones of the PeN (17) , and gonadectomy of the male rat results in a decline of SRIH mRNA expression to levels seen in the intact female (1). Gonadal androgens are also thought to be responsible for the high GH peaks (5) which may be related to the higher GHRH mRNA and peptide levels in the arcuate nucleus (ARC ) in the male rat (3) . Oestrogen may also be an important modulator of the SRIH branch of the neuroendocrine axis as it has actions in the male leading to feminization of GH baseline and pulse frequency (18, 19) .
To our knowledge, however, direct evidence that SRIH peptide release is sexually dimorphic and likely to depend on gonadal factors is not currently available. Hence, our first series of experiments sought to determine, in the adult rat: (1) whether the well-documented sex differences in the biosynthetic capacity of SRIH neurones in the PeN (as reflected by mRNA levels) were correlated with peptide content in the PeN-median eminence (ME) pathway; (2) whether SRIH release is sexually dimorphic, as determined using a hypothalamic explant preparation; and (3) whether mRNA or peptide content are direct indicators of sex differences in SRIH SRIH mRNA expression by mean silver grains per/mm2/per cell±SEM ) of neurones in the To assess the specificity of sex differences in the PeN we have periventricular nucleus (PeN ), ventromedial nucleus ( VMN ) and the also characterized SRIH mRNA and peptide biosynthesis in parietal cortex; and () SRIH immunoreactivity in the PeN, median eminence (ME), VMN and parietal cortex. mRNA and PeN and ME the ventromedial nucleus ( VMN ) and in the parietal cortex, peptide contents were significantly higher in males compared with regions where SRIH neurones are not thought to be sexually females. *P<0.05. dimorphic in the adult rat.
Results

Sex differences in SRIH mRNA and peptide expression
Cellular SRIH mRNA analysis confirmed that expression in the hypothalamic PeN is sexually dimorphic with a greater expression in males relative to females (1.88±0.02 versus 1.55±0.05 silver grains/mm2/cell, for males and females, respectively; P<0.05, Fig. 1 ). No sex differences were found in the VMN or the parietal cortex.
Male 100-fold greater than those found in the VMN and parietal cortex, respectively. K+-stimulated secretion of SRIH from female explants was elevated to a level #145% greater than that found in male Sex differences in SRIH release from PeN-ME explants explants (373.5±72.5 versus 152.5±18.2 pg SRIH/explant, respectively, P<0.01; Fig. 2 ). Under basal conditions the The basal levels of SRIH release from PeN-ME explants taken from female rats was #75% higher than that found in release of SRIH from the ME in isolation was 39% greater from intact males compared with females (22.7±1.5 and explants from male rats (38.9±3.4 versus 21.9±2.3 pg SRIH/ explant, respectively, P<0.05 Fig. 2) . Similarly, the 56 mM 13.9±1.7 pg/ME, respectively, P<0.05) whereas 56 mM K+-stimulated release was 37% greater from female ME fragments compared with males (453.5±19.9 and 284.6±32.9 pg/ME, respectively, P<0.05).
Effects of GDX on SRIH mRNA expression, peptide content and release
In the male rat GDX significantly reduced the hybridization signal in the PeN to 75% of that seen in the gonad-intact animal (intact, 1.35±0.04 versus GDX, 1.05±0.03 silver grains/mm2/cell, P<0.05; Fig. 3 ), whereas expression in the VMN was unaffected (Fig. 3) . In a separate hybridization study GDX in females had no effect on cellular silver grain density in either the PeN (1.55±0.05 versus 1.58±0.12 for intact versus GDX females, respectively, Fig. 3 ), or in the VMN (0.76±0.07 versus 0.59±0.06 for intact versus GDX females, respectively, Fig. 3 ). Peptide content in both the PeN and ME fell as a result of GDX in the male to 60% and 70%, respectively, (5.4±0.3 49.7±6.9 ng/ME, P<0.05 Fig. 4 for intact versus GDX males, respectively). In contrast, SRIH content in the PeN and ME were unaffected by GDX in females (Fig. 4,) . Somatostatin levels fell significantly by #40% as a result of GDX in the VMN of both male and female rats (1.5±0.1 versus 0.94±0.06 ng/VMN, P<0.01 for males; 1.71±0.2 versus 1.1±0.21, P<0.05 for females) with no sex differences being detected either before or after GDX (Fig. 4 ). In the parietal cortex SRIH content was unaffected by sex or by GDX (Fig. 4) .
Basal levels of SRIH secretion from PeN-ME explants of male rats were unaffected by GDX ( after gonadectomy (a) in male (W c ) and female (X c ) rats compared with control, intact (%) males (W ) and females (X ). Male gonadectomy had and female (X c ) rats compared with intact, and control (%) males (W ) and females (X ). Gonadectomy of the male resulted in a significant no effect on basal release but produced a significant enhancement of 56 m K+-induced release. Female gonadectomy resulted in a significant reduction of PeN SRIH mRNA expression whereas expression was unaffected by prior gonadectomy of females. Ventromedial nucleus fall in basal release to levels comparable to those seen in the intact and gonadectomized male, but K+-stimulated release was unaffected. mRNA expression was unaffected by gonadectomy in both sexes. *P<0.05. For absolute values refer to main text. *P<0.01. For absolute values refer to main text. levels of SRIH release from female tissues were reduced by content and translation in the PeN-ME pathway. Interestingly, this relationship does not appear to hold during GDX to levels similar to those seen in the gonad-intact male (from 39.0±7.0 to 20.2±1.8 pg/explant, P<0.01, Fig. 5 ) development of the PeN SRIH neurones (24) . The mechanisms whereby gonadal factors influence biosynthetic capacity while 56 m K+-stimulated release was not significantly affected (373.5±48.2 versus 302.0±38.5 for intact versus in the PeN SRIH neurones in the male but not in the female rat remain to be determined. There are, however, marked sex GDX females, respectively, Fig. 5 ). In the isolated ME, GDX of the male resulted in a 42% decline in basal SRIH differences in androgen receptor expression in these cells (male greater than female) in adult rats (17) , whereas the release (19.5±2.2 versus 11.3±1.6 pg/ME; P<0.05) whilst basal release in females and 56 m K+-stimulated release in ERa is not co-expressed with SRIH in either males or females (23). Sexual dimorphism in steroid receptor expression may both sexes was unaffected by GDX.
thus be an important factor in regulating this pathway. In contrast to our finding in the PeN, no sex differences Discussion were seen either in SRIH mRNA or peptide levels in the VMN, indicating a regional selectivity in the sexual dimorphThe results of the present study show that in the adult PeN-ME pathway SRIH mRNA and peptide content are ism of hypothalamic SRIH neuronal populations. Although levels of mRNA in the VMN were unaffected by GDX in closely correlated; both are sexually dimorphic, with levels being greater in males than females, and both are dependent either sex, peptide levels were clearly reduced in both sexes, suggesting a post-transcriptional effect of gonadal steroids in on gonadal factors in the male only. In addition, we provide direct evidence that SRIH secretion is sexually dimorphic this population. It would appear therefore that the biosynthetic pathway of SRIH cells in the VMN, which co-express and dependent in both males and females on gonadal factors. The dynamics of SRIH secretion are, however, differentially androgen as well as oestrogen receptors (17, 22) , is gonadally regulated in both female and male rats and therefore differs modulated by GDX in males and females and secretory activity in vitro is greater in the PeN-ME pathway in females from the situation in the PeN. In agreement with others (1), we found no sex differences or gonadal dependence for SRIH than it is in males. These results, thus provide further support for gonadal steroid-dependent sex differences in SRIH biosynmRNA or peptide expression in the parietal cortex.
The peptide content data indicate that the vast majority of thetic capacity in the PeN-ME pathway but indicate that a simple or direct relationship to sex differences in SRIH peptide released from our hypothalamic explant preparation derives from cell bodies in the PeN and is stored within the secretion in vitro may not exist.
Previous studies which sought to determine how hypothal-ME. Basal release from the explant represents a summation of several intrinsic factors, including tonic neurotransmitter amic mechanisms influence the sexual dimorphism of GH secretion have reported on the sex differences or effects of input while potassium-stimulated release is thought to provide an index of the total releasable pool (granule content) of gonadectomy on SRIH mRNA or peptide content in the hypothalamus. However, there are many inconsistencies in SRIH held by the explant, i.e. total secretory capacity. Thus, whereas factors originating outside the hypothalamus will the current literature regarding the relationship between these parameters, partly because all variables have not been examalso influence SRIH release in vivo, this in-vitro model serves as a useful indicator of sex differences and gonadal influences ined in a single study and partly because peptide content has been studied in the whole hypothalamus or the ME, but not on SRIH secretory activity manifest at the level of the hypothalamus. We provide direct evidence that basal and specifically in the PeN (2, 6, 15, 16, 20, 21). For example, it is generally agreed that there is a male-dominant sex difference 56 mM K+-stimulated SRIH release is sexually dimorphic with secretory capacity being greater in the female explant in SRIH mRNA levels in the PeN (1), but there are reports of either no sex differences in the peptide content in the despite measures of biosynthetic capacity being greater in the male hypothalamus. The K+-stimulated response was also whole hypothalamus (20) or a female-dominant sex difference in the ME (6) .
greater from the ME fragments from female rats despite their lower peptide content, and suggests the possibility that mechHence, in the present study, in order to provide consistent mRNA and peptide data, we have measured sex differences anisms underlying sex differences in SRIH release may also operate at the level of the nerve terminal. It would appear and the effects of GDX on PeN mRNA levels in one half of the brain and peptide content in PeN punches from the other therefore that sex differences in mRNA and peptide content are not direct indicators of sex differences in SRIH secretion half of the brain. Our results confirm that there is a male dominant sex difference in SRIH mRNA in the rat hypothalin vitro.
To date, differences in SRIH mRNA levels in the PeN amic PeN (1) and suggest that these differences depend on gonadal factors in the male but not in the female. Differences have been taken to indicate differences in synthetic capacity, with an inference that the higher levels of mRNA expression in SRIH peptide content show an identical pattern to that of SRIH mRNA with the greater levels existing in both PeN in the male may reflect a higher level of SRIH secretory activity which serves to define the low interpulse GH baseline and ME of the male where they are dependent on gonadal input whereas the lower levels in the female are unresponsive (2). Release, however, is thought to be pulsatile in the male whereas in the female it probably occurs at a more constant to GDX. Previous studies in several laboratories including our own have shown consistently that sex differences do not level somewhere between the minimum and maximum levels in the male (11) (12) (13) . By sampling SRIH output from the exist in the numbers of SRIH neurones within the PeN (1, 2, 22, 23). Together, these results provide evidence for a direct male PeN-ME explant every 10 min for 3 h we have found no evidence for inherent pulsatile release. We suggest relationship between steady-state levels of cellular mRNA mer) complimentary to bases 310-339 of the rat preprosomatostatin cDNA therefore that in the male pulsatility of SRIH secretion is (which code for part of SRIH 1-14) was synthesized. This nucleotide sequence orchestrated by factor(s) which are likely to lie outside the has been used previously to detect SRIH mRNA-expressing cells in the rat hypothalamus. Possible candidates would include the neurobrain (30). The probe was 3∞ end labelled with alpha [35S ] dATP (1000-transmitter input or GH itself which exerts a sexually 1500 Ci/mmol, New England Nuclear, Boston, USA) using terminal deoxynucleotidyl transferase (50IU, Pharmacia, UK ) resulting in a specific activity dimorphic negative feedback on its own release (25-29). We of #100 c.p.m./mg. The radiolabelled probe was purified by filtration on a suggest also, that the greater secretory capacity in the female Sephadex G-50 column. may result from a more constant mode of somatostatin Frozen sections (15 mm thick) were cut in the coronal plane (plates [22] [23] [24] [25] [26] secretion.
of the Swanson Atlas (31)) on a cryostat (Bright, Huntingdon, UK ) from each brain half and thaw mounted onto Vectabond-coated slides. Sections
The effect of gonadectomy demonstrates that gonadal were kept at 70°C until used. On the day of analysis the sections were factors exert an activational influence on SRIH release in warmed to room temperature with a hair dryer and then fixed with 4% both males and females. However, this is also sexually parafomaldehyde in 0.1 M phosphate buffered saline (PBS ), dehydrated differentiated as sex steroids appear to inhibit the total through a series of alcohol concentrations and allowed to air dry. Two releasable SRIH pool in males but have no effect on this hundred and fifty ml of hybridization buffer (4×saline sodium citrate (SSC ); 50% deionized formamide; 10% dextran sulphate; 1×Denhardt's solution; parameter in females. Further, the elevated basal release of another section was begun, or until a total of 30 cells had been reached. Previous studies in our laboratory have established that SRIH neurones in the dorsal and ventral aspects of the PeN exhibit an identical pattern of silver
Materials and methods
grain density and that this responds to gonadal steroids in an identical fashion Animals (Simonian and Herbison, unpublished observations). Initially, the number of silver grains overlying cells in the excess unlabelled probe control were Porton Wistar rats (bred from a closed, specific pathogen free colony) were determined and in experimental sections, only those cells expressing numbers housed in groups of five per cage in a room with controlled lighting ( lights of silver grains greater than five times that of controls were used for analysis. on 8.00-20.00 h, 22±1°C ), with food and water freely available. Daily For each rat and region an average silver grain count/mm2/cell was determined vaginal smears were obtained from adult female rats; only animals displaying and these values combined to give experimental group means. Comparisons three regular 4-day oestrous cycles were included in the present study and are made only within treatment groups which were hybridized and analysed experiments were performed on the morning of proestrous. In the experimental at the same time. Due to the size of experimental groups all treatments could protocols described below comparisons were made between adult male and not be analysed in the same hybridization run. Therefore, the effect of female rats (80-90 days) and the effects of gonadectomy were determined in gonadectomy in the female was assessed at the same time as male/female both sexes. Bilateral gonadectomy (GDX ) was performed on 60-70-day-old differences in mRNA expression, whilst the effect of gonadectomy in the male male and female rats under Avertin anaesthesia and rats used for experiments was assessed in a separate hybridization experiment using a different set of 2 weeks later. Animals for control studies underwent sham operations or intact male controls. remained intact and following surgery, smears were again obtained from the For SRIH content, a 1.0-1.5 cm thick coronal block containing the sham-operated females. All animal procedures were carried out in accordance hypothalamus was cut from each half brain and glued with cyanoacrylate to with the Home Office requirements for Animal Scientific Procedures. a cutting block which was placed in the vibratome cutting chamber (Campden Sex differences in SRIH mRNA and peptide expression Instruments) filled with ice cold Krebs' Buffer (pH 7.4). Sections were cut in the coronal plane (300 mm thickness) beginning at the level of the optic Six male and six female animals were decapitated and the brains rapidly chiasm and passing through the brain to the level of the mediobasal removed. Each brain was cut in half down the saggital plane. One half was hypothalamus (through plates 20-28 Swanson atlas). From brain sections rapidly frozen on dry ice and stored at −70°C until required for in-situ corresponding to plates 24 and 25 of the Swanson Atlas, elliptical-shaped hybridization studies. The other half was processed immediately for the punches were taken which extended from the level of the fornix to the optic measurement of SRIH content in micropunches of discrete hypothalamic chiasm in the dorso-ventral orientation and which included all of the nuclei.
For the in-situ hybridization experiments, an antisense oligonucleotide (30 periventricular region out to the level of the fornix medio-laterally. At a level corresponding to plate 28 of the atlas a circular punch, 1 mm in diameter, had been removed for the peptide content studies; the arcuate nucleus was clearly visible in the tissue remaining after the removal of the ME. was taken of the VMN including its ventro-lateral division which, in the rat, is known to possess SRIH cell bodies (22) . Identical sized punches of tissue Radioimmunoassay for somatostatin were taken from the parietal cortex at the level of plate 24 of the Swanson Atlas. When median eminence tissue was required it was dissected away from
The RIA for SRIH analysis is described elsewhere (33) . Briefly, the primary the rest of the hypothalamus prior to saggital sectioning of the brain. All antibody was raised in rabbit and directed to the mid-points of SRIH peptide. tissue was collected onto ice in 10 m HCl, homogenised and the supernatant It displayed cross-reactivity with the 14 and 28 amino acid peptide on an collected and stored at −80°C until SRIH analysis by radioimmunoassay equimolar basis. The tyrosine°SRIH analogue was iodinated by the (RIA). Peptide content data is expressed as ng per punch or ME which did Chloramine T method and purified on a small column of octadecylsilysilica. not differ between the sexes (average wet weight of 2.7±0.23 mg and Separation of bound and free ligand was achieved by precipitation with 2.9±0.3 mg for males and females, respectively, or 0.120±0.015 mg and donkey anti rabbit serum and normal rabbit serum ( IDS, Tyne and Wear, 0.122±0.017 mg protein per ME for males and females, respectively).
UK ) assisted with 4% polyethylene glycol. Sensitivity of the assay was 5 pg/mL with intra-and inter-assay coefficients of variation of 3.5 and 7.2%, Sex differences in SRIH release from PeN-ME explants respectively. Each sample was measured in duplicate. The method employed was a modification of that described by Buckingham Statistical analysis and Hodges (32) . Briefly, six male and six female animals per experiment
In all instances comparisons are made and results presented for groupings were decapitated and the hypothalamus dissected out. The tissue taken was which are processed simultaneously. Results represent the mean±SEM. For bordered rostrally by the posterior edge of the optic chiasm, laterally by the the in-situ hybridization studies, statistical comparisons have been made using hypothalamic fissures and caudally by the anterior part of the ME. The the nonparametric Mann-Whitney U-test. For SRIH secretion and content explant thus encompassed the projection of SRIH producing cells originating studies the data was analysed using a computer-based statistics program in the PeN and running in a lateral arc to terminate within the ME. The (SigmaStat, Jandel Scientific, San Rafael, CA, USA). Significance was first dorsal extent of the cut was at a depth of #2 mm which marks the extent of assessed using one way analysis of variance and for those treatments where the anterior commisure. This dissection eliminates certain SRIH cell bodies a significance level of P<0.05 was calculated, analyses were completed using and/or nerve terminals, such as those found in the medial preoptic nucleus, Student-Newman-Keuls (SNK ) multiple range test. For both the SNK and whilst maintaining the PeN-ME pathway intact and undisturbed.
Mann Whitney U-test, P<0.05 was considered to be statistically significant. The hypothalamic explants were rapidly transferred to an incubation chamber consisting of a polypropylene cylinder enclosed at one end with a nylon gauze (100 mm diameter mesh size). This system allowed unhindered access of incubation medium to the tissue whilst offering a rapid, efficient Ω2H 
